INTRODUCTION
Human DNA topoisomerase I (htop1) is a 100 kDa monomeric nuclear protein that regulates DNA topology and is the target of an important new class of antineoplastic compounds, the camptothecins (1) . Although proliferating mammalian cells require top1 for viability (2) , five mammalian topoisomerases have been identified to date (3) and the functions of mammalian top1 that are indispensable are not yet known (4) . Furthermore, relatively little is known regarding interactions between htop1 and other proteins, although these interactions are likely to be important in both the cellular function of htop1 and in the cytotoxic mechanisms of camptothecins. Indeed, physical interactions between htop1 and the TATA-binding protein (5) and between htop1 and nucleolin (6) may underlie certain roles of top1 in RNA polymerase II-mediated (5, 7, 8) and RNA polymerase I-mediated (9) transcription, respectively. Moreover, the effects of camptothecin may be modulated by a physical interaction between htop1 and the SV40 T antigen helicase (10) . Results from our laboratory and others indicate that interactions between htop1 and other proteins are mediated at least in part by the N-terminal 210 amino acids of htop1, which are dispensable for DNA topoisomerase activity (6, 11, 12) . Therefore, to identify other htop1-binding proteins that may be important in the function of htop1 and in camptothecinmediated cytotoxicity, we established a yeast two-hybrid/in vitro binding screen using the N-terminus of htop1. We now report the results of this screen and the identification of a novel nuclear protein that contains a RING finger and an arginineserine (RS)-rich domain.
MATERIALS AND METHODS

Yeast two-hybrid assay
The pAS2-Atop1 vector was used to express amino acids 2-250 of htop1 (Atop1) linked to the C-terminus of a GAL4 DNAbinding domain (BD) peptide in Saccharomyces cerevisiae strain Y199 containing a 2 µM plasmid-based β-galactosidase reporter system and a HIS3-based reporter system as described (13) . Using this strain and a lithium acetate method, a HeLa cDNA library (Human HeLa S3 Matchmaker cDNA library; Clontech) expressing GAL4 activation domain (AD) fusion proteins was co-transformed with the pAS2-Atop1 vector; transformants were selected by the use of appropriate media. Histidine prototrophs were tested for β-galactosidase activity using a filter lift technique and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside as described (14) . Colonies that expressed β-galactosidase were subsequently grown on plates containing 10 µg/ml cycloheximide to select for loss of the pAS2-Atop1 plasmid, which contains the dominant cycloheximide sensitivity marker, CYH2 (15) . Since the pAS2-Atop1 plasmid also contains a TRP marker, loss of the plasmid was confirmed by assays for growth on media lacking tryptophan. The resultant colonies, containing HeLa cDNAs encoding putative htop1-binding proteins, were tested in a secondary mating screen described next. The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors
Yeast mating screen
To develop a secondary screen for clones that scored positive in the htop1-baited two-hybrid assay, yeast strain Y187 (MATα; Clontech) was transformed with plasmids expressing either the BD alone, BD-lamin C, BD-Jak1 (kindly provided by Brian Pollack and Sidney Petska, UMDNJ, Piscataway, NJ) or BD-Atop1. These strains were streaked in vertical lines on YPD plates, with Y199 (MATa) strains containing putative top1-binding proteins streaked in horizontal lines. After 1-2 days growth, diploids were selected by replica plating to plates lacking both leucine and tryptophan. After an additional 5 days growth, β-galactosidase expression in the diploid colonies was assayed as described above.
In vitro top1-binding assay
A GST fusion protein containing amino acids 2-250 of htop1 was covalently linked to glutathione-Sepharose beads using the bifunctional imidoester dimethylpimelimidate dihydrochloride as described (6) . Yeast extracts were prepared by lysis in ice-cold RIPA buffer (50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 0.1% SDS, 1% Triton X-100 and 1% Na deoxycholate) with protease inhibitors (1 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.5 µg/ml leupeptin and 1 µg/ml pepstatin) and binding assays performed in 1 ml PBS, 0.2% Tween-20 containing protease inhibitors as described (13) . Proteins remaining bound to the htop1-linked beads were visualized by immunoblotting with a monoclonal antibody recognizing the AD (Clontech) and an enhanced chemiluminescent technique as described (6) .
RNA isolation and northern blot hybridization
Total RNA was isolated from U-937 human monoblastic leukemia cells using guanidine isothiocyanate/cesium chloride gradient centrifugation as described (16) . Poly(A) + RNA was purified from total RNA using an oligo(dT) cellulose column as described (17) . The RNA was separated by electrophoresis in 1% agarose, 2.2 M formaldehyde gels and transferred to nitrocellulose filters. A 32 P-labeled DNA probe was generated by digestion of the 182 HeLa cDNA library clone with EcoRI and XhoI, followed by labeling of the resultant 1.3 kb insert using random hexamers, [ 32 P]dCTP and the Klenow DNA polymerase. Hybridizations were performed as described (16) . The filters were washed and exposed to Kodak X-Omat XAR film using an intensifying screen.
Topors cDNA isolation and sequencing
An oligonucleotide designed to anneal to the mRNA 5'-cap region ('SMART' oligo; Clontech) was used with U-937 RNA to obtain topors cDNA 5'-sequence relative to the original fragment identified in the HeLa two-hybrid cDNA library clone. A human fetal lung cDNA library (Clontech) and PCR were also used to obtain additional topors cDNA 5'-and 3'-fragments. Sequencing was performed using an ABI Prism 377 automated DNA sequencer (Perkin-Elmer). Analyses of topors cDNAs were performed using MacVector software (Oxford Molecular).
Expression of GFP-topors in human cells
Upstream (GGCCGAATTCTATGGCATCAGCTGCTAAGG) and downstream (CGGCGGTACCGGCAGTTTTAAGACAT-ATCACAGTC) oligonucleotide primers (containing 5' BamHI and KpnI sites, respectively) were used to amplify a 3.0 kb topors cDNA from human U937 RNA using RT-PCR. The PCR fragment was purified and inserted into the pEGFP-C1 vector (Clontech) designed to express a fusion protein containing an Nterminal modified green fluorescent protein (GFP) under control of the immediate early cytomegalovirus promoter. Subsequently, additional topors coding 5'-sequence was identified and the pEGFP-topors plasmid was modified to include this sequence. This was accomplished using PCR with new primers (up, GGCCGAATTCTATGGGGTCGCAGCCGCCGCTGG; down, GGCCGAAGCATTTCGTTCCCTTGTCAGAG) and the EcoRI and XmnI sites in the original pEGFP-topors plasmid. Transfections with plasmids expressing GFP alone (pEGFP-C1) or the full-length topors protein linked to GFP (pEGFP-topors) were performed using log phase HeLa cells and a liposome-based strategy. Briefly, exponentially growing HeLa cells were prepared by washing and incubation in serum-free medium for 2 h. Subsequently,~10 µg of either the pEGFP-topors or pEGFP-C1 plasmid were diluted in 730 µl of serum-free medium, then 20 µl of a proprietary reagent (Gibco PLUS reagent; Gibco BRL, Gaithersburg, MD) were added and the mixture incubated for 15 min at room temperature. A similar incubation was performed following the addition of a solution containing 30 µl of lipofectamine (Gibco) diluted in 750 µl of serum-free medium. The entire 1.5 ml solution was then added to the HeLa cell culture, followed by a 3 h incubation at 37°C. Serum and antibiotics were then added to re-establish normal culture conditions (growth at 37°C with 5% CO 2 in RPMI 1640 medium containing 10% heatinactivated fetal bovine serum, 4 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin).
Fluorescence microscopy
Approximately 24 h after transfection, HeLa cells transfected with either the pEGFP-topors or pEGFP-C1 plasmid were imaged by phase contrast and fluorescent microscopy using an Eclipse TE 2000 inverted fluorescent microscope equipped with a TE-FM Epi-fluorescence attachment (Nikon) and a SPOT digital camera (Diagnostic Instruments Inc., Sterling Heights, MI). GFP fluorescence was imaged using an ENGFP filter set (Chroma Technology, Brattleboro, VT) with excitation and emission wavelengths of 450-490 and >500 nm, respectively. Images were captured, cropped and overlaid digitally using Adobe Photoshop 5.0.
Co-immunoprecipitation studies
Immunoprecipitations were performed essentially as described (13) . Briefly, HeLa cells were lysed in 1 ml RIPA buffer containing protease inhibitors, then treated with 10 U RQ1 DNase (Promega) in the presence of 10 mM MgCl 2 for 30 min at 37°C. After centrifugation at 14 000 g for 15 min, the supernatant was collected and incubated with either 5 µg of a monoclonal anti-GFP antibody (Boehringer Mannheim) or a similar quantity of preimmune mouse serum (Oncogene Research Products, Cambridge, MA) and 25 µl (bed volume) of protein A-Sepharose beads (Pharmacia Biotech Inc.) for 2 h at 4°C. After centrifugation, the resulting immunoprecipitates were washed four times with RIPA buffer, suspended and boiled in loading dye, then analyzed using SDS-PAGE. Proteins were transferred to nitrocellulose and immunoblotting was performed using a monoclonal anti-htop1 antibody (18) (kindly provided by Dr Y. C. Cheng). The blots were stripped in 100 mM 2-mercaptoethanol, 2% SDS and 62.5 mM TrisHCl, pH 6.7, then reprobed using a monoclonal anti-GFP antibody (Clontech). Bound antibodies were detected using chemiluminescence as described (6) .
RESULTS
Two-hybrid/in vitro binding screen for proteins that bind the N-terminus of human topoisomerase I
A plasmid expressing amino acids 2-250 of htop1 (Atop1) linked to the GAL4 BD was used as 'bait' in a yeast two-hybrid screen of a HeLa cDNA library that encodes peptides fused to the GAL4 AD (19) . In this screen, interaction between Atop1 and Atop1-binding proteins is detected by growth in media lacking histidine and by production of β-galactosidase. Cotransformation of the Atop1 bait plasmid with the HeLa cDNA library in strain Y199 (13) yielded~2500 transformants capable of growth on media lacking histidine. Among these colonies, 482 scored positive in a filter lift assay for β-galactosidase expression. After exposure to cycloheximide to remove plasmids expressing Atop1, these 482 colonies were rescreened for expression of specific htop1-binding proteins using a mating assay and yeast strains expressing BD alone, BD-Atop1, BD-Jak1 or BD-lamin (Fig. 1) . Thirty of the original 482 colonies scored positive in this secondary screen and were subjected to a tertiary screen involving an in vitro binding assay using a GST fusion protein containing the Nterminal 250 residues of htop1. In this tertiary screen, lysates prepared from the 30 colonies were incubated with beads containing the covalently bound N-terminal fragment of htop1; proteins remaining bound to these beads after several washes were detected by immunoblotting using an anti-AD antibody. Binding of htop1 by an AD fusion protein was detected in two (numbers 23 and 182) of the lysates obtained from the 30 colonies (Fig. 2) . The AD fusion protein plasmids contained in colonies 23 and 182 were isolated, amplified in Escherichia coli and the cDNA inserts sequenced. Both cDNAs represented genes that had not been described previously. One of the cDNAs (182) contained a 3' poly(A) sequence and encoded a peptide containing a region rich in arginine-serine/serinearginine dipeptides; we therefore named this protein topors (for topoisomerase I-binding RS protein). The other cDNA (#23), which will be described in a separate report, encoded a 181 amino acid peptide that is dissimilar in sequence to topors and other proteins currently in the GenBank database. (Fig. 1) . The lysates were incubated with Sepharose beads covalently linked to a GST fusion protein containing amino acids 2-250 of htop1. After extensive washing, the beads were boiled in SDS-PAGE loading dye and subjected to electrophoresis and immunoblotting using an antibody recognizing the GAL4 activation domain 
Topors is a novel RING-finger/RS protein
Northern blotting of U-937 human leukemic cell poly(A) + RNA using the 1.3 kb clone 182 cDNA as a probe yielded a single band of~3.8 kb (Fig. 3) . This band was not detected in 20 µg of total RNA obtained from the same cell line, suggesting that topors mRNA is expressed at relatively low levels in a population of exponentially growing U-937 cells (Fig. 3) . We used 5'-RACE and other human cDNA libraries to determine the entire coding sequence of topors. Subsequently, using U-937 human leukemic cell mRNA we obtained and sequenced a cDNA containing the topors coding region (GenBank accession no. AF098300). In the course of this work, a 3.5 kb human cDNA sequence that matched our cDNA sequence almost exactly was submitted by Zhou and Ao directly to GenBank (accession no. U82939). However, whereas U82939 contains a 2444 bp open reading frame (ORF) that lacks a Kozak ATG (20), our 3265 bp sequence contains a 3134 bp ORF with a Kozak ATG and in-frame upstream stop codons (Fig. 4 and GenBank accession no. AF098300). Notably, the UniGene database indicates that ESTs representing topors are present in cDNA libraries from a variety of tissues, including the aorta, lung, ovary, parathyroid, testis, thymus and tonsil (21) .
Analysis of the predicted amino acid sequence of the topors protein indicates that in addition to an RS-rich region, topors contains a RING-type zinc finger domain (22) near the Nterminus (Fig. 4) . Two bipartite nuclear localization sequences are present near the middle of the protein ( Fig. 4; 23) . Homology searches using the Blast 2.0 and PSI-Blast algorithms (24) indicate that topors is most similar in sequence to two groups of proteins: (i) RING finger proteins implicated in transcriptional control, such as the ICP0 viral protein family ( Fig. 5 ; [25] [26] [27] and the human RING1 protein (28, 29) ; (ii) RS-rich proteins involved in RNA processing, such as SRP75 (30) and CARS-Cyp (31, 32) . However, alignments between topors and these groups of proteins are limited to the RING finger and RSrich regions of topors, respectively. Thus, topors appears unique in that it contains both a RING finger and an RS-rich region in the same polypeptide.
Topors localizes in the nucleus in a non-homogeneous pattern
To explore the function of topors and the topors-htop1 interaction, we analyzed the cellular localization of topors in human cells using a fusion protein consisting of topors linked to the Cterminus of a modified GFP. Using a liposomal technique, HeLa cells were transformed with a plasmid expressing either GFP alone or GFP-topors under the control of a cytomegalovirus promoter. Twenty-four hours after transformation, cells were imaged using fluorescence microscopy. Cells expressing the GFP protein alone display diffuse cellular fluorescence (data not shown). By contrast, cells expressing GFP-topors exhibit nuclear fluorescence (Fig. 6) . Furthermore, the GFPtopors protein localizes non-homogeneously in the nucleus, in a pattern that typically excludes nucleoli and is marked by punctate areas of brightness (Fig. 6) . This pattern is similar to the nuclear localization patterns exhibited by RS-rich splicing proteins (33) and RING finger proteins such as ICP0 (34) .
Human topoisomerase I co-immunoprecipitates with topors
To determine if a physical interaction between topors and htop1 can be detected in human cells, we performed coimmunoprecipitation studies using HeLa cells transformed with plasmids expressing either GFP alone or GFP-topors. When expressed in HeLa cells the GFP-topors protein migrates at~195 M r , which is slower than the predicted molecular weight of 147 (Fig. 7B) . A similar phenomenon has been observed in SDS-PAGE analyses of other RS-rich proteins and may relate to phosphorylation of serines in an RS domain (30) . In HeLa cells expressing GFP alone, GFP but not htop1 is immunoprecipitated by a GFP antibody (Fig. 7,  lane 2) . Furthermore, htop1 is not precipitated by preimmune mouse serum (Fig. 7A, lane 5) . By contrast, in cells expressing the GFP-topors protein, htop1 is co-precipitated along with GFP-topors by the GFP antibody (Fig. 7, lane 4) . Taken together with the yeast two-hybrid data, these results indicate that a physical interaction between topors and htop1 can be detected in both yeast and human cells.
DISCUSSION
Using a combination two-hybrid/in vitro binding screen, we identified an N-terminal htop1-binding polypeptide representing a fragment of a novel RING finger/RS-rich protein named topors. Studies of HeLa cells expressing a full-length GFPtopors fusion protein indicate that topors and htop1 can be coimmunoprecipitated. Collectively, these data suggest that topors and htop1 physically interact in human cells. The topors protein contains a RING finger motif near the N-terminus, a region rich in RS/SR dipeptides in the middle of the protein and bipartite nuclear targeting motifs. The fragment of topors that bound htop1 in the initial screen lacks the RING finger domain, indicating that this region is not required for htop1 binding. Although further studies are necessary to determine the htop1-binding domain(s) of topors, recent work with the splicing factor ASF/SF2 indicates that the RS domain of this protein is necessary and sufficient for binding to htop1 (12) , suggesting that the RS domain of topors may confer a similar phenotype. Nevertheless, an RS domain is not required for binding to htop1, since nucleolin and SV40 T antigen bind the N-terminus of htop1 in yeast and in vitro and lack RS domains (6,13,35; data not shown).
With regard to the cellular role of topors, several nuclear RING finger proteins are involved in the regulation of chromatin structure and RNA polymerase II-mediated transcription (22, 29, 36) . Indeed, the RING domain of topors is closely related to a similar domain in the ICP0 family of viral proteins (Fig. 5) . These proteins are involved in transactivation of viral gene expression and in reactivation of latent virus, with the RING domain required for these functions (34, 37) . Topors also contains 33 RS or SR dipeptides, with most of these repeats clustered towards the middle of the protein (Fig. 4) . Many proteins that contain similar RS domains function in mRNA splicing; however, unlike topors, most of these proteins contain consensus RNA-binding domains (CS-RBDs) (38, 39) . Although other RS-rich proteins lack CS-RBDs and may be kinases (e.g. Clk-1) or helicases (e.g. HRH-1), these proteins also function in the regulation of mRNA splicing (40, 41) . Thus, based upon the presence of RING and RS domains in topors, it may be hypothesized that topors is involved in RNA polymerase II-mediated transcription and/or transcriptional processing. The localization of a GFP-topors fusion protein in punctate nuclear subdomains is consistent with this hypothesis; studies designed to better define the localization of topors with regard to the mRNA transcriptional machinery are in progress.
If topors is involved in RNA polymerase II-mediated transcription, the interaction between topors and top1 is consistent with data implicating top1 in several aspects of RNA polymerase II-mediated transcription, including chromatin condensation (42) , transcriptional activation and elongation (5, 7, (43) (44) (45) (46) , and in mRNA splicing (47, 48) . Moreover, recent work in Drosophila indicates that the N-terminal domain (approximately 430 residues) of Drosophila top1 is sufficient to confer co-localization of top1 with RNA polymerase II (49). Thus, it is possible that topors binds the N-terminal domain of htop1 in order to recruit htop1 to the RNA polymerase II transcription/ splicing complex. An alternative hypothesis for the toporshtop1 interaction may be generated from recent work indicating that htop1 binds to and phosphorylates the RS domain of the splicing factor ASF/SF2 (12, 47) . Presumably, htop1 may interact with topors in a similar manner.
Binding of the N-terminus of htop1 by topors, a protein that may be involved in RNA polymerase II-mediated transcription, is reminiscent of the interaction between the N-terminus of htop1 and nucleolin, which has been shown to function in RNA polymerase I-mediated transcription (50, 51) and in rRNA processing (52) . Furthermore, the N-terminus of htop1 binds the SV40 T antigen; this interaction may be required for viral replication (13, 35, 53) . These data suggest that the Nterminus of htop1 functions in the recruitment of the protein to transcription or replication complexes in order to regulate DNA topology (54) (55) (56) . 
